Japanese encephalitis virus (JEV), a mosquito-borne flavivirus that causes severe human disease, has been shown to block the interferon (IFN)-induced Janus kinase signal transducer and activation of transcription (Jak-Stat) signaling cascade by preventing Tyk2 tyrosine phosphorylation and Stat activation. In this study, we demonstrate that expression of the JEV nonstructural protein NS5 readily blocked IFN-stimulated Jak-Stat signaling events such as Stat1 nuclear translocation and tyrosine phosphorylation of Tyk2 and Stat1. The region of JEV NS5 responsible for Stat1 suppression was identified using various deletion clones. Deletion of 83 N-terminal residues of JEV NS5, but not the 143 C-terminal residues, abolished its ability to block IFN-stimulated Stat1 activation. The role of JEV NS5 as an IFN antagonist was further demonstrated by its ability to block the induction of interferon-stimulated genes and the antiviral effect of IFN-␣ against the IFN-sensitive encephalomyocarditis virus, which appears to replicate and kill cells that express NS5 even with alpha IFN treatment. Furthermore, the molecular mechanism responsible for IFN antagonism by NS5 probably involves protein tyrosine phosphatases (PTPs), as the IFN-blocking events in both JEV-infected and NS5-expressing cells were reversed by sodium orthovanadate, a broad-spectrum inhibitor of PTPs. We suggest that JEV NS5 is an IFN antagonist and that it may play a role in blocking IFN-stimulated Jak-Stat signaling via activation of PTPs during JEV infection.
Japanese encephalitis virus (JEV) is a mosquito-borne flavivirus that causes human epidemic encephalitis in Asia annually (43) . The genome of JEV is a single-stranded positivesense RNA of approximately 11 kb in length which contains a single long open reading frame encoding a polyprotein precursor. Cleavage of the polyprotein by cellular and viral proteases yields three structural proteins (core [C] , precursor membrane [prM] , and envelope [E] ) and seven nonstructural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) (31) . Replication of the flavivirus is initiated by a viral RNA replicase complex through a process of RNA-dependent RNA polymerization in the perinuclear endoplasmic reticulum membranes (46, 50) . Nonstructural proteins NS3 and NS5 have been identified as the major components of the viral RNA replicase complex associated with the 3Ј noncoding region of genomic RNA in the initiation of viral replication (6, 47) . NS5, the largest and most conserved flavivirus protein encoded in the open reading frame, contains sequences homologous to methyltransferase (MTase) and RNA-dependent RNA polymerase (RdRP); the former is involved in methylation of the 5Ј RNA cap structure, and the latter is the key enzyme for viral replication (1, 11, 17, 24) .
The alpha/beta interferon (IFN-␣/␤) response is the host's main innate immune mechanism against viral infection (39) . The induction of IFNs during viral infection is mediated by the coordinate activation of multiple cellular transcription factors such as interferon regulatory factor (IRF), NF-B, and c-Jun/ATF-2 (10, 49) . IFN signaling is known to be mediated by the Janus kinase signal transducer and activation of transcription (Jak-Stat) pathway (13, 27, 39, 45) , which is initiated by binding to the cell surface receptors, IFNAR1 and IFNAR2. Ligation of IFN and its receptors leads to activation of Jak1 and Tyk2 through tyrosine phosphorylation, which in turn stimulates the phosphorylation of Stats. Subsequently, phosphorylated Stat1 and Stat2 dimerize and associate with IRF-9 to form ISGF3 complexes. The formation of ISGF3 complexes in the cytoplasm results in nuclear translocation, binding to the IFNstimulated responsive element, and consequent expression of proteins including the IFN-stimulated antiviral proteins (9) . Several cellular proteins have also been identified as negative regulators of the Jak-Stat signaling pathway (42) ; these include the suppressor of cytokine signaling (SOCS) proteins (40, 44, 48) , the protein inhibitors of activated Stats (PIAS) (32, 33) , and the protein tyrosine phosphatases (PTPs) (37, 51) .
Viruses have evolved various mechanisms for initiating viral replication in the host by disrupting the actions of IFN and evading IFN-stimulated antiviral responses (12, 23, 27, 41) . The main strategies adapted by viruses are (i) inhibition of IFN production and secretion, (ii) competition for binding to IFN receptors through viral decoy receptors, (iii) degradation or suppression of activation of Jak-Stat components, and (iv) inhibition of the actions of IFN-induced antiviral proteins. Recently, several studies have found that flaviviruses such as JEV (30) , West Nile virus (WNV) (16, 34) , dengue virus serotype 2 (DEN-2) (19, 30) , and tickborne Langat virus (LGTV) (2) counteract IFN-induced Jak-Stat signaling primarily by blocking the phosphorylation of the signaling components Jak1, Tyk2, Stat1, and Stat2. Moreover, DEN-2 has also been reported to subvert the IFN response by downregulating Stat2 protein expression (22) . Flavivirus proteins capable of blocking IFN signaling events include NS4B of DEN-2, WNV, and yellow fever virus (35, 36) ; NS2A and NS4A of DEN-2 and WNV (34, 36) ; and NS5 of LGTV (2) .
The interplay between JEV and the IFN system has been studied recently. JEV infection results in IFN-␤ production through an RIG-I-dependent IRF-3 and PI3K-dependent NF-B activation pathway (5) . Even though IFN is produced by the host cells, JEV has evolved a way to block the IFNstimulated Jak-Stat signaling by preventing activation of Tyk2 and Stats (30) . In this study, we investigated the JEV protein(s) responsible for blocking IFN-induced Jak-Stat signaling. We found that expression of JEV NS5 readily blocked IFN-␣-stimulated Jak-Stat signaling events such as Stat1 nuclear translocation and phosphorylation of Tyk2 and Stat1. Cells expressing JEV NS5 potentiated the IFN-sensitive encephalomyocarditis virus (EMCV) to evade IFN-mediated antiviral effects. Moreover, treatment of cells with sodium orthovanadate, a broad-spectrum inhibitor of PTPs, suppressed the abilities of JEV and NS5 to antagonize IFN. Our data indicate that JEV NS5 is a potent IFN antagonist and that it may play a pivotal role in inhibiting IFN signaling through a PTP-dependent mechanism.
MATERIALS AND METHODS
Viruses, cell lines, chemicals, and antibodies. A Taiwanese JEV strain, RP-9 (7), was used throughout this study. JEV was propagated using C6/36 cells in RPMI 1640 medium containing 5% fetal bovine serum (FBS) (Gibco). EMCV (ATCC number VR-995) was propagated in Vero cells using Eagle's minimum essential medium containing 10% FBS. BHK-21 was grown in RPMI 1640 medium containing 5% FBS. Human lung carcinoma A549 cells were maintained in F-12 medium (Gibco) supplemented with 10% FBS. Vero cells were cultured in Eagle's minimum essential medium containing 10% FBS. Human embryonic kidney 293T cells were grown in Dulbecco's modified Eagle's medium (Sigma) containing 10% FBS. Recombinant human IFN-␣A/D and sodium orthovanadate were obtained from Sigma, and the protease inhibitor cocktail was obtained from Roche. Rabbit polyclonal anti-Stat1 (#9172), anti-phospho-Stat1 (Tyr701) (#9171), and anti-phospho-Tyk2 (Tyr1054/1055) (#9321) antibodies were purchased from Cell Signaling Technology. Antibodies against Tyk2 (#610173) and PKR (#610764) were obtained from BD Transduction Laboratories. Rabbit polyclonal anti-IRF-9 (sc-496) and anti-IRF-1 (sc-497) antibodies were from Santa Cruz Biotechnology. Mouse monoclonal anti-Flag M2 antibody was from Upstate Biotechnology.
Plasmids. To construct pStat1-DsRed, the human Stat1 cDNA was amplified from IFN-␣-treated A549 cells by reverse transcription-PCR using primers specific for human Stat1 (forward primer, 5Ј-ATGTCTCAGTGGTACGAACTTC A-3Ј; reverse primer, 5Ј-TTACACTTCAGACACAGAAATCAAC-3Ј) and then cloned in frame into the N terminus of a red fluorescent protein, DsRed2 (Clontech).
For the expression of JEV proteins, cDNA fragments of JEV RP-9 (GenBank accession number AF014161) (7) encoding the individual viral proteins were subcloned to a Flag-tagged pCR3.1 (Invitrogen). Initiation codons were added to these constructs at their N termini. The JEV nucleotide numbers and expected molecular sizes for each of the viral protein constructs are listed below (see Fig.  2A ). For truncated NS5 plasmids, the corresponding DNA fragments were obtained from the NS5-Flag/pCR3.1 plasmid by MluI digestion for NS5 amino acids (aa) 167 to 905 or by PCR using primers specific for the other fragments and then subcloned in flame to a Flag-tagged pCR3.1. All of the constructs were handled using standard molecular cloning techniques and verified by DNA sequencing.
The SIN DNA-based vector includes a respiratory syncytial virus promoterdriving expression cassette derived from a recombinant Sindbis virus (SIN) vector (dsTE12Q) (26) and is able to express the SIN replicase complex from nonstructural genes. The replicase then turns on the subgenomic promoter to express structural and inserted genes. For the recombinant SIN constructs, the full-length and truncated NS5 DNA fragments were amplified by PCR from NS5-Flag/pCR3.1 by use of specific primers. The amplified DNA fragments with BstEII restriction sites were digested with BstEII restriction enzyme and inserted into the SIN DNA-based vector.
To construct pTY-EF-NS5-Flag for the lentivirus vector, the cDNA fragment of NS5 was amplified from NS5-Flag/pCR3.1 by PCR using specific primers. The amplified DNA fragments with BstEII restriction sites were digested with BstEII, blunted by T4 DNA polymerase, and then cloned into the EcoRI-digested, T4 DNA polymerase-blunted pTY-EF1␣ plasmid (4) .
Generation of recombinant SIN. Transfection of BHK-21 cells with SIN DNAbased vector was performed using Lipofectamine (Invitrogen) according to the manufacturer's instructions. Approximately 1 g of plasmid DNA was used to transfect 5 ϫ 10 5 cells in a six-well culture plate. After 48 to 72 h of transfection, SIN was harvested from the culture supernatants, and the viral titer (PFU/ml) was determined using a plaque-forming assay on BHK-21 cells.
Lentivirus vector preparation. The lentivirus vector system was as described previously (4, 8, 21) . Briefly, 293T cells were cotransfected with pTY-EFeGFP or pTY-EF-NS5-Flag and the three helper plasmids, pNHP, pHEF-VSV-G, and pCEP4-tat, by use of Superfect transfection reagent (QIAGEN). Transfected cells were incubated at 37°C in an atmosphere of 3% CO 2 for 4 to 5 h and refed with fresh medium. Cell supernatants containing the viral vectors were harvested at 24, 48, and 60 h after transfection. The virus was filtered using a 0.45-m low-protein-binding filter and stored at Ϫ80°C. The virus supernatant was concentrated by centrifugation at 27,000 rpm at 4°C for 3.5 h using an SW28 (Beckman) rotor. Virus pellets were resuspended in 1 to 2 ml fresh medium and stored at Ϫ80°C. In vitro transcription and translation. Proteins were transcribed and translated using a transcription and translation T7 quick-coupled rabbit reticulocyte lysate transcription/translational system as described by the manufacturer (Promega). Briefly, 0.5 g of plasmid was incubated with the transcription/translation system in the presence of 35 S-labeled methionine at 30°C for 90 min. The translated product was separated using sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis and detected by autoradiography.
Western immunoblot analysis. Cell lysates were prepared in SDS sample buffer (62.5 mM Tris-HCl, pH 6.8, 2% SDS, 10% glycerol, 50 mM dithiothreitol, 0.1% bromophenol blue) containing a cocktail of protease inhibitors (Roche). Similar amounts of proteins were loaded into the gel, separated by SDS-polyacrylamide gel electrophoresis, and transferred to a nitrocellulose membrane (Hybond-C Super; Amersham). The nitrocellulose membrane was blocked with 5% skim milk in TBS-T (25 mM Tris, 0.8% NaCl, 2.68 mM KCl, pH 7.4, with 0.1% Tween 20) and subsequently incubated overnight with the primary antibody. The blots were then treated with a horseradish peroxidaseconjugated secondary antibody (Amersham) and developed using an ECL system (Amersham). For reblotting, the membrane was washed with 1ϫ ReBlot plus strong antibody-stripping solution (Chemicon) for 15 min at room temperature. The membrane was then blocked twice with 5% skim milk in TBS-T for 5 min; this procedure was followed by reprobing with the antibody as described above.
Immunofluorescence. BHK-21 cells were cotransfected with pStat1-DsRed and various plasmids encoding JEV proteins in serum-free medium with Lipofectamine (Invitrogen). Transfected cells were left untreated (control) or were treated with IFN-␣A/D (2,500 U/ml), after which they were fixed and permeabilized in 2% formaldehyde at the indicated times. The cells were probed with anti-Flag M2 antibody and subsequently with Alexa-Fluor 488 goat antimouse immunoglobulin G (Molecular Probes). Subsequently, the expression and location of JEV proteins (green) and Stat1-DsRed (red) were observed under a fluorescence microscope. Twenty-four hours after transfection, cells were stimulated with or without IFN-␣A/D (2,500 U/ml) for 16 h. Cells were then fixed and permeabilized for immunofluorescence assay. JEV proteins (C, prM, E, NS1, NS2A, NS2B, NS2B3, NS4A, NS4B, and NS5) were detected using a mouse anti-Flag antibody and Alexa-Fluor 488 goat anti-mouse antibody (green). JEV prM-E and NS3 were detected using anti-JEV E and NS3 antibodies, respectively, and then stained with Alexa-Fluor 488 goat anti-mouse antibody (green). Nuclear translocation of Stat1-DsRed (red) was observed under a fluorescence microscope. Representative cells from the same field for each experimental group are shown. 
JEV NS5 effectively inhibits IFN-␣-induced Stat1 nuclear translocation.
To monitor the IFN-stimulated Jak-Stat signaling, we constructed pStat1-DsRed, which encodes the human Stat1 fused in frame with a red fluorescent protein, DsRed. The Stat1-DsRed fusion protein was predominantly located in the cytoplasmic compartment of the untreated BHK-21 cells (Fig. 1A, panels a through c) . After IFN-␣ treatment (1, 8, 12 , and 15 h), the DsRed-tagged Stat1 colocalized with DAPI (4Ј,6Ј-diamidino-2-phenylindole) staining (Fig. 1A , panels d through f; also data not shown), indicating that the Stat1-DsRed fusion protein translocated to and remained in the nucleus in response to IFN-␣. In contrast, JEV infection resulted in cytoplasmic retention of Stat1-DsRed upon IFN-␣ treatment (Fig. 1A, panels g through l) , which is consistent with our previous finding that JEV is capable of counteracting IFN-␣ signal transduction (30) . The cellular distribution of DsRed alone was localized in both the cytoplasm and the nucleus of mock-and JEV-infected cells irrespective of IFN-␣ treatment (Fig. 1B ). These results demonstrate that the intracellular status of Jak-Stat signaling can be visualized using the Stat1-DsRed fusion protein.
Viral proteins acting as IFN antagonists to inhibit IFN signal transduction pathway have been identified for several viruses (39, 41) . Our results indicate that inhibition of IFN-␣ signaling by JEV likely requires viral protein synthesis, suggesting that a certain JEV protein(s) acts as an IFN antagonist (30) . To identify the JEV protein(s) responsible for blocking IFN signaling, a series of JEV expression plasmids were generated to individually express Flag-tagged C, prM, E, NS1, NS2A, NS2B, NS2B-3, NS4A, NS4B, and NS5, as well as untagged prM-E and NS3. The leader sequences for the three viral glycoproteins, prM, E, and NS1, have been preserved in the corresponding constructs. To ensure proper folding of proteins or to maintain the intrinsic enzymatic activity, we also made the constructs expressing prM plus E (prM-E) (18) and NS2B plus NS3 (NS2B-3) (3). These constructs all expressed proteins of the expected molecular sizes as verified by an in vitro transcription/translation system ( Fig. 2A and B) , and by Western blotting in the transfected cells (Fig. 2C) . We cotransfected pStat1-DsRed with plasmids expressing various JEV proteins in BHK-21 cells, which were then stimulated with IFN-␣. Cells expressing viral proteins were identified by immunofluorescence staining with anti-Flag, anti-JEV E, or NS3 antibody. The localization of Stat1-DsRed was observed under a fluorescence microscope. As shown in Fig. 3 , BHK-21 cells expressing NS5 (panel L) clearly showed cytoplasmic retention of Stat1-DsRed in response to treatment with a high dose of IFN-␣ (2,500 U/ml), whereas in cells expressing other viral proteins (panels A through K), Stat1-DsRed was readily translocated to the nucleus upon IFN-␣ treatment. In the transfected cells, it was seen that without IFN treatment, Stat1-DsRed mainly remained in the cytoplasm (Fig. 3) . These results indicate that JEV NS5 potently inhibits IFN-␣ signaling by blocking IFN-induced nuclear translocation of Stat1.
Stat1 and Tyk2 phosphorylation are blocked by JEV NS5. To verify the potential IFN-antagonistic activity of NS5 on endogenous proteins, we generated a recombinant SIN to overexpress a Flag-tagged JEV NS5 under a SIN subgenomic promoter as outlined in Fig. 4A . The recombinant NS5-SIN was harvested from the transfected BHK-21 cells to a titer similar to that of wild-type SIN (wt-SIN) (data not shown). Using a high multiplicity of infection (MOI ϭ 10), all of the cells were infected with SIN and expressed JEV NS5. The wt-SIN infection did not impair the ability of Vero cells to respond to IFN-␣, as evidenced by a high level of Stat1 tyrosine phosphorylation in mock-infected and wt-SIN-infected cells (Fig. 4B, lanes 2 and 4) . In contrast, NS5-SIN infection rendered the cells unresponsive to IFN-␣ treatment, as determined by an analysis of Stat1 phosphorylation on Western blotting, which is similar to what was seen in the JEV-infected Vero cells (Fig. 4B, lanes 6 and 8) . Since we previously observed that JEV inhibited IFN-␣ signaling by blocking the activation of IFN receptor-associated kinase Tyk2 (30), we (Fig. 4C, lanes 2 and 4) , probably due to a somewhat negative effect of Tyk2 activation by SIN infection, IFN-␣-stimulated Tyk2 tyrosine phosphorylation was completely blocked in Vero cells overexpressing JEV NS5 (Fig. 4C, lane 6) , as was seen with JEV infection (Fig. 4C, lane 8) . These results clearly indicate that JEV NS5 not only blocked nuclear translocation of the Stat1-DsRed fusion protein but also inhibited tyrosine 
Determination of the region of JEV NS5 required for IFN-␣ antagonism.
To define the minimum sequence of JEV NS5 required to block IFN signaling, a series of N-terminally and Cterminally truncated mutants of NS5 were constructed (Fig. 5A) . The expression of full-length and truncated NS5 proteins with expected molecular sizes was verified by Western blotting (Fig.  5B and C) . The ability of these truncated NS5 proteins to block IFN-␣ signaling was then tested by cotransfection with pStat1-DsRed in BHK-21 cells. Cells expressing the various NS5 proteins were identified by immunofluorescent staining with antiFlag antibody. Expression of the 762 N-terminal residues of NS5 gave a response similar to that of the full-length NS5: Stat1-DsRed was completely sequestered in the cytoplasm, even in the presence of a high dose of IFN-␣ (Fig. 5D) . However, in cells that expressed the 667 N-terminal amino acids of NS5, Stat1-DsRed was detected in both the cytoplasm and the nuclei. Further deletion of the C terminus up to residue 584 completely abolished the ability of the resulting protein to block IFN-␣-induced Stat1 nuclear translocation. Removal of the 83 or 166 N-terminal residues of JEV NS5 also resulted in a loss of IFN-antagonistic activity. Our results show that a large proportion of JEV NS5 proteins are involved in exerting this newly attributed function, probably reflecting the fact that a certain conformation of NS5 may be required for it to exert this effect.
The ability of truncated NS5 to interfere with IFN signaling was supported by results obtained from cells infected with recombinant SINs expressing residues 1 to 762 or 1 to 667 of JEV NS5, which completely or partially blocked IFN-␣-induced Stat1-DsRed nuclear translocation, respectively (Fig.  5D ). As shown in Fig. 6 , endogenous Stat1 phosphorylation induced by IFN-␣ was almost completely inhibited by the fulllength and the 762 N-terminal residues of JEV NS5 (Fig. 6,  lanes 8 and 10) , whereas it was partially inhibited by the 667 N-terminal residues of JEV NS5 (Fig. 6, lane 6) . We suggest that deletion of the 143 C-terminal residues did not affect the antagonistic activity of JEV NS5 against IFN.
JEV NS5 suppresses the antiviral activities of IFN against EMCV in A549 cells. The antiviral effect of IFN is mainly mediated through the Jak-Stat signaling pathway. Our finding that JEV NS5 blocked this signaling event prompted us to test whether JEV NS5 could indeed counteract the antiviral effect that IFN-␣ exerts against IFN-sensitive viruses. As SIN infection induced severe cell death and is not suitable for this type of experiment, we used a lentivirus expression system to overexpress JEV NS5. A549 cells were transduced with lentivirus vectors expressing JEV NS5 or a control eGFP. The expression of JEV NS5 was confirmed by Western blotting (Fig. 7A ) and immunofluorescent staining with anti-Flag antibody (Fig. 7B) . These lentivirus-transduced cells all grew at rates similar to that of the parental A549 cells, and no cytotoxicity was noticed. Stat1 tyrosine phosphorylation stimulated by IFN-␣ was blocked in A549 cells expressing NS5 but not in the parental A549 cells or in those expressing eGFP (Fig. 7C) . Furthermore, induction of several interferon-stimulated gene products, such as Stat1, IRF-1, IRF-9, and PKR, was impaired in A549 cells expressing NS5 (Fig. 7D, lanes 7 through 9) , which greatly contrasted with what was seen for the parental A549 cells and those expressing eGFP upon IFN treatment (Fig. 7D,   lanes 1 through 6) . The antiviral activities of IFN-␣ against EMCV, an IFN-sensitive virus, in the parental A549 cells and in cells expressing eGFP or JEV NS5 were then compared based on the extents of the CPE and viral production. As shown in Fig. 7E , IFN-␣ potently inhibited the EMCV-induced CPE in parental cells and in A549 cells that expressed eGFP but not in those expressing JEV NS5. EMCV viral production was greatly suppressed by IFN-␣ in parental cells and A549 cells that expressed eGFP, whereas it remained virtually unchanged in cells that overexpressed JEV NS5 (Fig. 7F ). Our results demonstrate that the antiviral effect of IFN-␣ against EMCV is substantially attenuated by JEV NS5.
Blocking of IFN signaling by JEV and NS5 is mediated through PTPs. Next, we addressed the molecular mechanism responsible for blocking IFN signaling by JEV and NS5. We hypothesized that the inhibition of IFN-induced Tyk2 and Stat1 phosphorylation by JEV and NS5 might be mediated (i) by a direct physical interaction of NS5 with the receptor-associated kinases resulting in a hindrance to their activation, as suggested by papillomavirus E6 (28), or (ii) through activation of specific intracellular inhibition signals. A mammalian twohybrid system (Stratagene) was used to examine protein-protein interactions, and NS5 did not exhibit any direct interaction with Tyk2 or Jak1 (data not shown). Cellular proteins which suppress the Jak-Stat pathway, such as SOCS, the protein inhibitors of activated Stats, and PTPs, have been described previously (42) . Of these proteins, PTPs suppress the IFNstimulated Jak-Stat pathway by dephosphorylation of receptors, receptor-associated kinases, and Stat tyrosine residues. To determine the role that PTPs play in the blocking of IFN signaling by JEV, we investigated whether pretreatment of cells with sodium orthovanadate, a broad-spectrum inhibitor of PTPs (14), could suppress the effect of JEV and NS5 on JakStat signaling (Fig. 8) . Although the background levels of Stat1 and Tyk2 phosphorylation were slightly elevated in all of the cells treated with sodium orthovanadate (Fig. 8, lanes 3, 7, 11,   FIG. 6 . Deletion of 143 C-terminal residues does not affect the ability of NS5 to block IFN-␣-stimulated Stat1 tyrosine phosphorylation. Vero cells were mock infected or infected with wt-SIN, various recombinant SIN constructs, or JEV (MOI ϭ 10) as indicated at the top of the lanes for 6 h. The cells were then stimulated with IFN-␣A/D (1,000 U/ml) for 30 min or left unstimulated before the cell lysates were harvested for Western blotting with anti-phospho-Stat1 (Tyr701), anti-Stat1, anti-JEV NS3, and anti-Flag antibodies as shown on the right sides of the gels. and 15), the blocking of Stat1 and Tyk2 phosphorylation observed in the JEV-and NS5-SIN-infected Vero cells (Fig. 8,  lanes 10 and 14) was completely abolished by sodium orthovanadate (Fig. 8, lanes 12 and 16) . We attempted to determine the identity of the PTPs involved in this molecular process by using specific PTP inhibitors such as inhibitors of CD45 (4 M; Calbiochem) and PTP1B (25 M; Calbiochem), but none resulted in effective blocking such as that 
DISCUSSION
In this report, we demonstrated that JEV NS5, but not the other viral proteins, strongly inhibited IFN-␣ signaling by preventing IFN-induced nuclear translocation of a Stat1-DsRed fusion protein (Fig. 3) . Moreover, the endogenous Stat1 and Tyk2 phosphorylation in response to IFN-␣ was also blocked in cells infected with a recombinant SIN expressing JEV NS5, but not in wt-SIN-infected cells (Fig. 4) . The ability of JEV NS5 to interfere with the antiviral effect of IFN was further demonstrated in cells transduced with a lentivirus vector expressing JEV NS5, in which EMCV replicated to a high level even in the presence of IFN-␣ (Fig. 7) . Recently, NS5 of LGTV, a tick-borne flavivirus, was found to be an IFN antagonist, as expression of LGTV NS5 alone inhibited the Stat1 phosphorylation in response to IFN (2) . As previous studies of other mosquito-borne flaviviruses did not denote NS5 as a potential IFN antagonist (34, 36) , Best et al. (2) suggested that there may be a divergence in the IFN evasion strategies used by tickand mosquito-borne flaviviruses. Our finding that JEV NS5 is also a potent IFN antagonist may reflect a much more complicated and independent evolutionary process of individual flaviviruses to their host IFN systems.
Several flaviviruses encode more than one nonstructural protein as IFN-signaling inhibitors. Expression of DEN-2 NS4B, and to a lesser extent, NS2A and NS4A, was capable of blocking IFN signaling (36) . Kunjin virus (KUN), a subtype of WNV, encoded nonstructural proteins NS2A, NS2B, NS3, NS4A, and NS4B but did not encode NS1 and NS5, which inhibit IFN-␣ signaling (34) . These findings suggest that DEN-2 and KUN encode various nonstructural proteins which may cooperatively contribute to the inhibition of IFN signaling during infections. In particular, the NS4B of flaviviruses, including that of DEN-2, yellow fever virus, KUN, and WNV, possesses a conserved function in inhibiting IFN-␣ signaling (34) (35) (36) . The result that we did not identify JEV NS4B as an IFN antagonist (Fig. 3 ) may be due to the fact that we used a mature NS4B instead of an NS4B plus its 2K signal peptide segment. The presence of this 2K segment (29) or an unrelated signal peptide at the N terminus of NS4B has been shown to be required for its IFN antagonism (35) . That the NS5 of certain flaviviruses but not that of others serves as an IFN antagonist may imply that different flaviviruses have adapted different proteins or mechanisms to interfere with IFN-␣ signaling and evade host immune defenses. This proposition is not unlikely, considering that even DEN-2 has been reported to utilize different mechanisms for interfering with IFN-␣ signaling, viz., by reducing either Tyk2 activation or Stat2 protein expression (19, 22) .
NS5 is the largest and most conserved flavivirus protein (905 aa long in the case of JEV) and contains the enzymatic activities of MTase (aa 54 to 228) and RdRP (aa 253 to 901) at its N-terminal and C-terminal domains, respectively (31) . The C-terminal RdRP domain of NS5 contains eight highly conserved sequence motifs that have been recognized in many RdRPs (25) . As IFN antagonism is a novel function for flavivirus NS5, it was of interest to identify its responding domain. Deletion of C-terminal residues 763 to 905, which includes part of the RdRP domain, did not impair the antagonistic activity of NS5 against IFN ( Fig. 5 and 6 ). Deletion of C-terminal residues 585 to 905 or of N-terminal residues 1 to 83 or 1 to 166 abolished the ability of NS5 to counteract the IFN-induced Jak-Stat pathway. Thus, our results suggest that neither the enzymatic activity of MTase nor that of RdRP alone is capable of conferring IFN antagonism of NS5. A large proportion of the sequences of NS5 (approximately 80%) is required for this newly identified function, and details of the sequence requirement await elucidation by site-specific mutagenesis studies. The identification of the sequences in NS5 responsible for blocking IFN-␣ signaling is of importance for identifying the determinants of virus virulence and for providing defined targets for antiviral drugs and vaccine designs. At the present time, the precise mechanism(s) responsible for the blocking of IFN signaling by flaviviruses remains to be determined. Human papillomavirus-18 E6 protein physically interacted with Tyk2 through a domain that normally binds to the cytoplasmic portion of the IFN receptor IFNAR1 and therefore impairs the activation of Tyk2 upon IFN-␣ stimulation (28) . LGTV NS5 was found to interact with IFN-␣/␤ and IFN-␥ receptor complexes but neither with the receptor-associated kinases Jak1 and Tyk2 nor with Stat1 (2). Using a mammalian two-hybrid system, we also failed to demonstrate a direct physical interaction between JEV NS5 and Tyk2 or Jak1 (data not shown). However, whether JEV NS5 is associated with the IFN receptor complex remains to be determined.
Several negative regulators of the Jak-Stat pathway, such as PTPs and SOCS proteins, have been identified. The induction of SOCS proteins has been shown to regulate the Jak-Stat pathway in a negative manner (40, 44, 48) . We found previously that cellular transcription or de novo induction of cellular protein may not be essential for JEV-mediated suppression of IFN signaling (30) . Furthermore, the expression levels of SOCS1 and SOCS3 measured by reverse transcription-PCR and Western blotting analysis were not significantly different between the mock-and JEV-infected cells (data not shown). These data suggest that SOCS proteins may not be involved in the blocking of IFN signaling by JEV. The mechanism by which JEV blunts the IFN-signaling events probably involves certain PTPs, because JEV and NS5 lost their abilities to block IFN-induced Jak-Stat signaling in the presence of the PTP inhibitor sodium orthovanadate (Fig. 8) . PTPs participate in the negative regulation of Jak-Stat signal transduction through dephosphorylation of phosphorylated Jak and/or Stat components (42) . Of the cellular PTPs, both PTP1B and CD45 have been reported to negatively regulate IFN-␣ signaling by tyrosine dephosphorylation of Tyk2 (20, 37) . Our finding that specific inhibitors against CD45 and PTP1B failed to block the effect of JEV and NS5 on IFN signaling (data not shown) suggests that other PTPs, such as SHP1, SHP2, or other unidentified cellular PTPs, may be involved. As vaccinia virus encodes an H1 protein (VH1) that functions as a protein tyrosine phosphatase to inhibit IFN-␥ signaling through Stat1 dephosphorylation (38) , an alternative explanation for our finding shown in Fig. 8 is that JEV NS5 might itself function as a PTP. Numerous members of the PTP family and the vaccinia virus-encoded PTP (VH1) contain the signature sequence HCXAGXXR at their active sites (15) . Sequence alignment of JEV NS5 and other JEV proteins showed that the signature sequence of PTPs is not found, implying that JEV proteins may not possess PTP activity. However, it is important to identify the activated cellular PTP(s) responsible for the blocking of IFN-␣ signaling by JEV and NS5.
In summary, our results clearly show that the JEV nonstructural protein NS5 blocks IFN-␣ signaling by inhibiting Tyk2 and Stat1 activation. Using a standard IFN sensitivity assay, we demonstrated that cells expressing NS5 through a lentivirus vector subverted the IFN-mediated antiviral effect and resulted in increased EMCV replication and a greater cytopathic effect in response to IFN-␣ treatment. Results from a series of NS5 truncated mutants suggest that NS5 probably requires an intact N terminus, but not the 143 C-terminal residues, to mediate its IFN-antagonistic activity. Furthermore, the inhibition of IFN-␣ signaling by JEV and NS5 likely involved the activities of cellular PTPs. Thus, we suggest that JEV NS5 not only acts as an important enzymatic component of flavivirus RNA replication machinery but also contributes to the blocking of IFNmediated innate immunity during JEV infection.
